The gene products of the rbsRACBD (rbs) operon of C. glutamicum (cg1410-cg1414) encode a ribose-specific ATP-binding cassette (ABC) transport system and its corresponding regulatory protein (RbsR). Deletion of the structural genes rbsACBD prohibited ribose uptake. Deletion of the regulatory gene rbsR resulted in an increased mRNA level of the whole operon. Analysis of the promoter region of the rbs operon by electrophoretic mobility shift assays identified a cataboliteresponsive element (cre)-like sequence as the RbsR-binding site. Additional RbsR-binding sites were identified in front of the recently characterized uriR operon (uriR-rbsK1-uriT-uriH) and the ribokinase gene rbsK2. In vitro, the repressor RbsR bound to its targets in the absence of an effector. A probable negative effector of RbsR in vivo is ribose 5-phosphate or a derivative thereof, since in a ribokinase (rbsK1 rbsK2) double mutant, no derepression of the rbs operon in the presence of ribose was observed. Analysis of the ribose stimulon in the C. glutamicum wildtype revealed transcriptional induction of the uriR and rbs operons as well as of the rbsK2 gene. The inconsistency between the existence of functional RbsR-binding sites upstream of the ribokinase genes, their transcriptional induction during growth on ribose, and the missing induction in the rbsR mutant suggested the involvement of a second transcriptional regulator. Simultaneous deletion of the regulatory genes rbsR and uriR finally demonstrated a transcriptional co-control of the rbs and uriR operons and the rbsK2 gene by both regulators, RbsR and UriR, which were furthermore shown to recognize the same cognate DNA sequences in the operators of their target genes.
INTRODUCTION
The Gram-positive bacterium Corynebacterium glutamicum is a member of the Actinobacteria and was discovered by Udaka in 1960 as a natural amino acid producer (Liebl, 2005; Udaka, 1960) . Today C. glutamicum is of great biotechnological importance in the fermentative production of the amino acids L-lysine and L-glutamate (Hermann, 2003; Kelle et al., 2005; Kimura, 2005) . A major step forward in C. glutamicum research was the determination of the whole genome sequence of the type strain C. glutamicum ATCC 13032 , which enabled whole-genome studies by bioinformatics and post-genomic approaches. This included the classification of all transcriptional regulators of C. glutamicum (Brune et al., 2005) as well as transcriptomic studies by DNA microarray hybridization (Hüser et al., 2003) .
As a free-living soil bacterium, C. glutamicum is able to use a wide range of carbohydrates as sole sources for carbon and energy, ensuring survival and competitiveness under permanently changing nutritional circumstances in its natural environment (Liebl, 1991) . This flexibility is provided by an extensive set of uptake systems and the corresponding catabolic pathways (Yokota & Lindley, 2005) . For adaptation to changing conditions in carbohydrate supply, the bacterial cell uses several types of regulation to control its metabolic activities. Often this is accomplished at the transcriptional level by means of transcriptional regulatory proteins. The majority of transcription factors are themselves under allosteric control mediated by small molecules, called ligands or effectors, which bind to a regulatory domain of the regulatory protein (Madan Babu & Teichmann, 2003) . The most prominent example of this phenomenon is the lactose operon repressor of Escherichia coli, whose ability to bind DNA is controlled by the presence or absence of allolactose (Daber et al., 2007) . Due to amino acid sequence similarities in their DNA-binding domains, the transcription factors can be grouped into different regulatory protein families, with the members of each family being very similar in their functional role, e.g. repressor or activator, as well as in their physiological role (Pérez-Rueda & Collado-Vides, 2000) . The transcriptional regulators which are involved in carbohydrate uptake or metabolism usually belong to one of the families LacI, IclR, DeoR orIn a recent study, an increase in the mRNA level of the C. glutamicum uriR operon, whose gene products are involved in the transport and degradation of the nucleoside uridine, has been described for ribose-cultivated C. glutamicum cells (Brinkrolf et al., 2008 ). An integral part of the uriR operon is a ribokinase-encoding gene, rbsK1 (cg1546). The transcription of a second ribokinase gene, rbsK2 (cg2554), has also been shown to be stimulated in ribose-grown cells. However, the transcriptional analysis of a uriR knockout mutant revealed only increased mRNA levels of the uriR operon, implying the existence of a second regulator in the control of rbsK2 expression.
In the present study we analysed the C. glutamicum genes cg1410 to cg1414 and showed that they are organized in an operon encoding the components of a ribose-specific ABC transporter and a transcriptional regulatory protein.
The regulatory protein, designated RbsR, revealed 45 % similarity at the amino acid level to the UriR protein, and therefore was a candidate for being the second regulator involved in the control of rbsK2. The binding sites of RbsR were characterized, a putative effector metabolite was found, and it was shown that RbsR and UriR co-control the transcription of rbsK2 as well as of the rbs and uriR operons.
METHODS
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids used in this study are listed in Supplementary  Table S1 . E. coli cells were grown at 37 uC on solid Antibiotic Medium Number 3 (PA) (Oxoid) or in liquid Luria-Bertani (LB) medium (Sambrook et al., 1989) . C. glutamicum cells were cultivated at 30 uC on solid brain heart (BH) medium (VWR International). C. glutamicum cells used for RNA isolation were grown in liquid minimal medium MM1 [MMYE without yeast extract (Katsumata et al., 1984) supplemented with glucose (2 %, w/v), ribose (2 %, w/v) or a mixture of ribose (1 %, w/v) and glucose (1 %, w/v)]. These amounts of carbon sources represent equal amounts of carbon (666.6 mM). For real-time monitoring of cell growth using a Nephelostar Galaxy nephelometer (BMG Laboratories), liquid MM1 was supplemented with 0.25 % (w/v) of the indicated carbohydrates. The antibiotics kanamycin (50 mg ml 21 for E. coli; 25 mg ml 21 for C. glutamicum), ampicillin (200 mg ml 21 for E. coli) and nalidixic acid (50 mg ml 21 for C. glutamicum) were added when required. All oligonucleotides used were purchased from Qiagen Operon (Supplementary Table S2 ).
DNA isolation, manipulation and transfer. Plasmid DNA was prepared from E. coli by the alkaline lysis technique using the QIAprep Spin Miniprep kit according to the manufacturer's instructions (Qiagen). For preparation of C. glutamicum cells the protocol was modified using 20 mg lysozyme ml 21 in resuspension buffer P1 at 37 uC for 2 h. Chromosomal DNA of C. glutamicum cells was prepared as described previously (Tauch et al., 1995) . Molecular cloning and gel electrophoresis were performed using standard techniques (Sambrook et al., 1989) . Restriction endonucleases and T4 DNA ligase were obtained from Amersham-Pharmacia, Roche Diagnostics or Fermentas. DNA fragments required for cloning were purified from agarose gels by using the NucleoTrap kit (MachereyNagel). E. coli and C. glutamicum were transformed by electroporation (Tauch et al., , 2002 using the Bio-Rad Gene Pulser system (Bio-Rad).
PCR techniques and primers. PCR experiments were performed using a PTC-100 thermocycler from MJ Research. DNA amplification was carried out with Phusion DNA polymerase (New England BioLabs), KOD DNA polymerase (Novagen) or Taq polymerase (PeqLab). PCR products were purified using the QIAquick PCR Purification kit (Qiagen).
Site-specific gene deletion. Introduction of a site-specific deletion into the target gene(s) of C. glutamicum ATCC 13032 was carried out with the non-replicable vector pK18mobsacB (Schäfer et al., 1994) and the gene splicing by overlap extension (SOEing) technique (Horton et al., 1989) , as previously described (Wehmeier et al., 2001) . The resulting plasmid carries the modified gene region specified by a defined deletion. Gene replacement in the chromosome of C. glutamicum results in a mutant strain exhibiting a specific chromosomal deletion. The primers used for the generation of the C. glutamicum mutant strains SN1 (DrbsACBD) and SN2 (DrbsR) are listed in Supplementary Table S2 Transport assays. C. glutamicum cultures were grown in liquid minimal medium MM1 with 1 % (w/v) glucose and 1 % (w/v) ribose up to the exponential growth phase, washed three times with ice-cold MES/ Tris buffer (50 mM MES, 50 mM Tris, 10 mM NaCl, 10 mM KCl, pH 8) and resuspended to OD 600 1 or 4 in MES/Tris buffer with 0.2 % (w/v) glucose. For each measurement, 1.6 ml cell suspension was incubated at 30 uC and stirred to provide oxygen. Final concentrations of ribose/[ 14 C]ribose mixture of 25 and 50 mM were tested using the OD 600 1 cell suspension, and final concentrations of 100 and 200 mM were tested using the OD 600 4 cell suspension. Assays were started by the addition of ribose/[ 14 C]ribose substrate, and 200 ml aliquots were taken after 10, 20, 30, 40 and 120 s. The transport process was stopped by rapid filtration and the filters were washed twice with 2.5 ml 0.1 M LiCl. Finally, a 200 ml aliquot of each assay was taken for determination of total radioactivity. Radioactivity was determined with a liquid scintillation counter (Beckmann LS 6500).
Total RNA isolation from C. glutamicum cultures. C. glutamicum cultures were grown in liquid minimal medium MM1 and harvested during the exponential growth phase at OD 600 10. Approximately 1610 9 cells were harvested by centrifugation for 15 s at 16 000 g, followed by immediate removal of the supernatant and subsequent freezing of the pellet in liquid nitrogen. Isolation of total RNA was carried out by means of the Rneasy Mini kit (Qiagen), as described previously (Hüser et al., 2003) . Absence of DNA was proven by PCR using primers amplifying 200 and 500 bp DNA fragments of the C. glutamicum chromosome.
RT-PCR assays. One-step real-time RT-PCR assays were performed with the LightCycler instrument (Roche Diagnostics) using the 26 SensiMix One-Step kit (Quantace) according to the manufacturer's protocol, but adjusted to a total reaction volume of 20 ml. All measurements were performed for two biological replicates and two technical replicates, respectively, with 300 ng total RNA per measurement. The primers used to amplify 100-200 bp of the intragenic regions of the genes to be analysed are listed in Supplementary Table S2 , designated *_LCa/b. Verification of RT-PCR products was performed by melting-curve analysis. Differences in the transcription levels were determined with LightCycler software (Roche Diagnostics) by comparing the time of appearance of products in two samples.
In order to prove the cotranscription of the rbs operon, the intergenic regions were analysed by means of real-time RT-PCR using the SYBRGreen RT-PCR kit (Roche) and the respective primers for each intergenic region (designated 14**/**_a/b; Supplementary Table S2) . For the amplification of the DNA regions spanning rbsR-rbsA-rbsC and rbsC-rbsB-rbsD, reverse transcription was performed by using the Transcriptor Reverse Transcriptase (Roche) followed by PCR using Taq polymerase (PeqLab) and the primers operon_a and 1411/12_b, and operon_b and 1411/12_a, respectively (Supplementary Table S2 ). All amplification products were analysed by agarose gel electrophoresis.
DNA microarray experiments. For global transcription analysis, 8 mg C. glutamicum total RNA and a microarray representing all 3002 coding regions of C. glutamicum as 70-mer oligonucleotides were used. The microarray hybridization was carried out in duplicate using biological replicates and label swapping as technical replicates. Since each microarray contains four replicates per gene, the gene expression was monitored by a total of eight spots per gene. Synthesis of cDNA, fluorescent labelling of cDNA as well as array hybridization were performed as described previously (Hüser et al., 2003) . Data analysis was performed with the ImaGene V6.0 (BioDiscovery) and EMMA software packages . Only genes represented by at least six of the possible eight spots were chosen for further analysis. Data evaluation was carried out as described by Rey et al. (2005) using a m-value cut-off of ±1, which corresponds to expression changes of greater than twofold. The m values were considered to be significant when Student's t test resulted in a P value ¡0.05.
Purification of RbsR protein. The IMPACT (Intein Mediated Purification with an Affinity Chitin-binding Tag) system (New England Biolabs) was applied to purify the RbsR protein under native conditions. Therefore, the complete rbsR gene, with the exception of the stop codon, was amplified by PCR using the primers rbsR_IMPACTa and rbsR_IMPACTb (Supplementary Table S2 ), which added artificial NdeI sites at the 39 and 59 ends of the resulting DNA fragment, as well as an ATG sequence for translation initiation at the 59 end. The PCR fragment was cloned into the NdeI-and SmaIdigested vector pTYB2, which has a multiple cloning site upstream of the ORF encoding an intein-tag and a chitin-binding domain. The 39 end of the PCR fragment is not placed immediately adjacent to the intein cleavage site but is separated by the sequence for a glycine, and therefore results in the purification of the RbsR protein with an additional glycine residue at the C terminus. The recombinant plasmid was transferred to E. coli ER2599 (New England Biolabs), resulting in the overexpression of the fusion protein comprised of the intein-tag fused to the C terminus of the RbsR protein. Growth of the E. coli strain carrying pTYB2 : : rbsR, induction of protein expression, purification of the RbsR protein by means of affinity chromatography using chitin-containing column material, and elution of the RbsR protein by induction of self-cleavage of the intein were performed according to the manufacturer's instructions. The successful purification of RbsR was finally verified by means of 1D SDS-PAGE and peptide mass fingerprinting with a Bruker Ultraflex MALDI-TOF mass spectrometer. Protein concentration was determined by the Bradford protein assay using Bio-Rad reagent and the Eppendorf BioPhotometer.
Rapid amplification of cDNA ends (RACE)-PCR. Total RNA of the C. glutamicum wild-type strain grown in MM1 medium supplemented with 2 % (w/v) ribose was used to determine the rbsR transcriptional start site by means of the 59-RACE kit (Roche Diagnostics). The RACE-PCR was carried out as recommended by the supplier using 2 mg total RNA and the rbsR_SP1 and rbsR_SP2 primers (Supplementary Table S2 ). Resulting PCR products were ligated into the plasmid pCR2.1-TOPO (Invitrogen) using the TOPO TA Cloning system (Invitrogen) and chemically competent E. coli Top10 cells (Invitrogen) according to the manufacturer's protocol. Sequencing of the RACE-PCR amplicons was carried out by IIT Biotech (Universität Bielefeld).
Electrophoretic mobility shift assay (EMSA). Synthesis of the fluorescently labelled DNA fragment 556rbsCy3, within the putative rbsR promoter region, was carried out by PCR using a Cy3-labelled primer (556rbsCy3_a) and a non-labelled primer (556rbsCy3_b). The resulting product was purified using the QIAquick PCR Purification kit (Qiagen). The Cy3-labelled 40rbsCy3 fragment was generated by annealing of complementary oligonucleotides at 95 uC and on ice for 5 min. DNA concentrations were measured at 260 nm by means of the Nanodrop instrument (PeqLab). EMSAs were carried out by placing purified RbsR protein and either the PF556-rbs fragment or the PF36-rbs fragment in EMSA buffer [10 % (v/v) glycerol, 5 mM MgCl, 2 mM DTT, 50 mM NaCl, 20 mM Na 2 HPO 4 , 100 mg BSA ml 21 , pH 7.5] to a total of 20 ml. The samples were incubated at room temperature for 5 min and subsequently loaded onto a 2 % (w/v) agarose gel. To accomplish the competition studies, purified RbsR protein and the required unlabelled double-stranded oligonucleotide were added to EMSA buffer and incubated for 5 min at room temperature. Subsequently, either the PF556-rbs fragment or the PF36-rbs fragment was added, resulting in a 20 ml total volume, followed by another 5 min of incubation at room temperature before gel electrophoresis. Bands were detected with the Typhoon 8600 Variable Mode Imager (Amersham Biosciences).
RESULTS
The cg1410 gene encoding a LacI-type transcriptional regulator is located in a putative ribose transport operon
The C. glutamicum Cg1410 protein encoded by the ORF cg1410 comprises 369 amino acids with a calculated molecular mass of 39 kDa. The N terminus of the protein is characterized by a helix-turn-helix motif of the LacI type (Nguyen & Saier, 1995) , suggesting a function as a transcriptional regulator in carbohydrate uptake (Pérez-Rueda & Collado-Vides, 2000) . Application of a BLASTP analysis (Altschul et al., 1997) using the Swiss-Prot protein sequence database revealed similarities to the catabolite control protein CcpA of several Gram-positive bacteria from the phylum Firmicutes. However, the Cg1410 protein contains only 14 of the 67 amino acid residues found to be characteristic of CcpA proteins (Kraus et al., 1998) . A similarity search against the conserved domain database (CDD) (Marchler-Bauer et al., 2003) identified a Cterminal sugar-binding domain with high similarity to the periplasmic-binding protein of the ribose ABC transporter RbsB, and suggested a function for Cg1410 as a negative transcriptional regulator of a ribose transport system (Fukami-Kobayashi et al., 2003; . The location of the cg1410 gene in the C. glutamicum genome supported this proposal, since the structural genes that are clustered along with cg1410, cg1411-cg1414 (Fig. 1a) , show high levels of similarity of their deduced amino acid sequences to the ribose-specific ABC transporter components RbsA, RbsC, RbsB and RbsD of other bacteria (Fig. 1b) . The involvement of these structural genes in ribose utilization is supported by a previous study (Wendisch, 2003) that reports increased transcript levels of cg1411-cg1414 when C. glutamicum cells are grown on ribose as sole carbon source. Finally, the Cg1410 protein was designated RbsR, and the structural genes cg1411-cg1414 were named analogously rbsA (cg1411), rbsC (cg1412), rbsB (cg1413) and rbsD (cg1414).
Using the program the SEED (Overbeek et al., 2005) , a search for conserved arrangements of orthologues to the C. glutamicum rbs cluster genes in all completely sequenced bacterial genomes was carried out. Similar arrangements were found in bacteria of different lineages (Fig. 1b) , not only in the related Actinomycetales Propionibacterium acnes and Streptomyces coelicolor, but also in B. subtilis (Firmicutes) and E. coli (c-Proteobacteria). Interestingly, in all analysed organisms which possess genes orthologous to ribose ABC transport systems, there is, besides rbsR, rbsA, rbsC, rbsB and rbsD, an additional gene in the rbs cluster. This additional gene, named rbsK, encodes the enzyme ribokinase that catalyses the phosphorylation of ribose to ribose 5-phosphate (Hope et al., 1986) . C. glutamicum possesses two genes that encode proteins with high levels of similarity to bacterial ribokinases. One of these genes, rbsK1 (cg1546), is clustered with genes recently shown to be involved in the uptake and degradation of the nucleoside uridine, whereas the second one, rbsK2 (cg2554), apparently forms a monocistronic transcription unit (Brinkrolf et al., 2008) .
Since the clustering of the genes rbsRACBD in the C. glutamicum chromosome suggested cotranscription of these genes (Price et al., 2005) , the program TransTerm (Ermolaeva et al., 2000) was applied to identify putative Rho-independent termination structures. Putative termination structures are located upstream of rbsR and downstream of rbsD, while there are no termination structures in the downstream regions of rbsR, rbsA, rbsC and rbsB. To verify these bioinformatic results, further analyses were carried out to amplify overlapping DNA fragments spanning the rbscluster genes, using reverse-transcribed total RNA of ribosegrown C. glutamicum ATCC 13032 cells as template. It was possible to generate PCR products of the predicted length by using primer pairs on both sides of the intergenic regions of rbsR-rbsA (169 bp), rbsA-rbsC (204 bp), rbsC-rbsB (147 bp) and rbsB-rbsD (212 bp), as well as with primer pairs spanning rbsR-rbsA-rbsC (2662 bp) and rbsC-rbsB-rbsD (2454 bp) (data not shown). Additionally, the intergenic regions upstream and downstream of the rbs cluster were analysed but revealed no gene-overlapping transcripts. These amplifications confirmed the organization of the gene cluster rbsRACBD as a transcription unit, and it was therefore designated the rbs operon.
The rbsACBD genes are essential for ribose uptake
To analyse the function of the C. glutamicum proteins RbsA, RbsC, RbsB and RbsD, the C. glutamicum mutant strain SN1 was generated by deletion of the structural genes rbsACBD. First, growth analysis of the SN1 mutant strain in liquid minimal medium with ribose as sole carbon source was performed by means of nephelometry (Fig. 2a) . The C. glutamicum wild-type strain ATCC 13032, cultivated in parallel, served as a reference, and the growth of each strain with 0.25 % (w/v) glucose was used as a positive control. In this and all the following experiments the carbon sources glucose and ribose were normalized with respect to carbon concentration, supplying 83.3 mM carbon, which corresponds to 0.25 % (w/v) glucose and 0.25 % (w/v) ribose. As expected, the C. glutamicum wild-type was able to grow on ribose (Wendisch, 2003) , whereas the SN1 strain was unable to grow on ribose, confirming that RbsA, RbsB, RbsC or RbsD is indispensable for the utilization of ribose. To test for a possible diauxic growth of the wild-type cultured on a mixed substrate of glucose and ribose, the cells were cultured in minimal medium with a mixture of 0.13 % (w/v) glucose and 0.13 % (w/v) ribose, suggesting that both sugars are consumed simultaneously (data not shown).
Since the structural similarity of RbsA, RbsB and RbsC to the typical elements of ABC-type transporters suggested the involvement of these proteins in ribose uptake, transport assays with [ 14 C]-labelled ribose were carried out. In order to provide a sufficient expression of the ribose-specific transport system in the wild-type on the one hand and to allow the growth of the SN1 strain on the other, both strains were cultured in minimal medium containing 1 % (w/v) ribose and 1 % (w/v) glucose. The applied concentrations of the ribose/[ 14 C]ribose substrate were 25, 50, 100 and 200 mM (Fig. 2b) . The missing transport activity in the SN1 strain compared with the wild-type confirmed that the rbsACBD genes encode the ribose transport system in C. glutamicum.
Transcriptional analysis of an rbsR deletion mutant identified RbsR-controlled genes
To investigate the regulatory network of the regulatory protein RbsR, a DrbsR mutant strain (SN2) was constructed, carrying a 369 bp in-frame deletion within the rbsR gene which eliminates a large part of the gene, including the predicted helix-turn-helix motif of the RbsR protein (Fig. 1a) . To identify genes that are transcriptionally controlled by RbsR, a whole-genome transcript analysis by DNA microarray hybridization (Hüser et al., 2003) was carried out, comparing the transcriptome of the glucosegrown mutant strain SN2 with that of the glucose-grown wild-type strain.
The data from the microarray hybridization analysis revealed a significant increase in the transcript abundance of the rbs operon genes in the DrbsR mutant strain SN2 (Table 1 ). The analysis of the regulatory gene rbsR in the DrbsR strain was possible due to the partial deletion of the rbsR gene. Interestingly, the transcription of no other genes besides the rbs operon was affected positively in the deletion mutant. The transcriptional induction of the putative ribokinase genes rbsK1 or rbsK2 was at least expected, since the ribokinase reaction is an essential step that allows the subsequent use of ribose in either anabolism or catabolism (Lopilato et al., 1984) . However, transcriptional activation of rbsK2 and the gene cluster comprising rbsK1 has been described when C. glutamicum cells are grown on ribose (Wendisch, 2003) . Therefore, differential expression of the rbs operon and the genes rbsK1 and rbsK2 in the wild-type and the mutant SN2 was subsequently examined by the more sensitive real-time RT-PCR method, revealing an increased transcript level for the rbs operon and no significant changes in transcript levels for rbsK1 and rbsK2 (data not shown).
Identification of the RbsR-binding site in the promoter region of the rbsRACBD operon by EMSA Since the RbsR protein was shown to be involved in negative control of transcription of the rbs operon, we searched for the RbsR-binding motif in the putative promoter region of the operon. To identify the RbsR target sequence, EMSA studies with the purified regulator protein were performed. To purify the native RbsR protein, the IMPACT system was applied. The pure RbsR protein was subsequently identified by a tryptic fingerprint and MALDI-TOF mass spectrometry (data not shown). A fluorescently labelled 556 bp DNA fragment containing the upstream region of rbsR (556rbsCy3) served as the binding partner in EMSA studies. The DNA fragment was amplified by PCR using a Cy3-labelled 59 primer. Different amounts of RbsR protein were incubated with the labelled DNA fragment, followed by the analysis of the samples by agarose gel electrophoresis and subsequent visualization of the DNA by means of a fluorescence imager (Fig. 3a) . Already, 0.05 pmol RbsR protein led to an incomplete band-shift of 0.02 pmol 556rbsCy3 DNA fragment. A complete band-shift was achieved after addition of 0.1 pmol RbsR protein, demonstrating RbsR binding to the PF556-rbs fragment, most probably in the absence of an effector molecule.
A more detailed analysis of the sequence of the DNA fragment 556rbsCy3 identified an 18 bp sequence of perfect dyad symmetry, which was similar to the cataboliteresponsive element (cre), the target sequence of the catabolite control protein (CcpA) (Hueck et al., 1994; Kraus et al., 1998) . Furthermore, sequence comparisons with previously characterized RbsR-binding sites of other bacteria showed similarities to the RbsR-binding site of E. coli and to a consensus sequence deduced from B. subtilis, Bacillus stearothermophilus, Bacillus anthracis, Bacillus halodurans, Clostridium difficile and Lactococcus lactis (Rodionov et al., 2001) (Fig.  3b) . In order to verify this palindromic sequence as an RbsR-binding site, competitive EMSA experiments were carried out using short unlabelled double-stranded DNA fragments, which were generated by hybridization of complementary oligonucleotides. The fragment 36rbs contained the cre-like palindrome and the native flanking 9 bp sequences on both sides, and served as positive control, since it was able to reverse the band-shift of the 556rbsCy3-RbsR complex (Fig. 3c) . Furthermore, modified forms of the fragment 36rbs were generated by introducing transversions either in the palindromic sequence (fragments 36rbsmod1, 36rbsmod2) or in the flanking regions (fragments 36rbsmod3, 36rbsmod4). Since the comparison with RbsR-binding sites of E. coli and the Bacillus/ Clostridium group revealed variability of the terminal bases on each side of the C. glutamicum palindrome (Fig. 3b) , these outermost bases were also mutated in the modified forms of the 36rbs fragment. As shown in Fig. 3(c) , the addition of 36rbs reversed the band-shift, demonstrating the ability of this competitor DNA to bind the RbsR protein and therefore confirming the palindromic sequence as a functional RbsR-binding site. Competition with the fragments 36rbsmod3 and 36rbsmod4 carrying mutations within the flanking regions of the palindrome also showed reversed band-shifts, but neither of the fragments 36rbsmod1 and 36rbsmod2 carrying changes within the palindromic sequence was able to compete efficiently with the original DNA fragment 556rbsCy3. These results verified the specific binding of the RbsR protein to the cre-like sequence in the promoter region of the C. glutamicum rbs operon. The mutation of the terminal bases on each side of the palindrome in the modified competitors 36rbsmod3 and 36rbsmod4 implied that these bases are indispensable for the binding of RbsR, and therefore suggested a core palindrome of 16 bp.
To determine the position of the RbsR-binding site relative to the promoter of the rbs operon, the transcriptional start site of the operon was determined by RACE-PCR using total RNA from ribose-grown C. glutamicum wild-type cells. This analysis identified an adenine as transcriptional start site located 74 bp upstream of the rbsR ATG start codon (Fig. 3d) . Additionally, 235 and 210 sequences typical of C. glutamicum housekeeping promoters (Pátek et al., 2003) were detected at the expected distances from the identified transcriptional start site. The RbsR-binding site is located 6 bp downstream of the transcription start site, thus being present in an arrangement typical of binding sites of transcriptional repressors.
A ribokinase mutant of C. glutamicum is unable to induce transcription of the rbsRACBD operon Since the EMSA studies indicated that the RbsR protein binds to its target DNA sequence in the absence of a ligand molecule, an experimental search for a ligand which induces the dissociation of the RbsR-DNA complex was carried out. Such ligand molecules are often intermediates or modified intermediates of the transported substances or of the biosynthesic pathways that are regulated (Madan Babu & Teichmann, 2003a) . To identify the RbsR ligand molecule, further EMSA studies were performed in which different molecules of carbohydrate and energy metabolism, and intermediates of ribose metabolism, were tested for their ability to reverse the band-shift (data not shown). The tested substances were ribose, D-xylose, ribose 5-phosphate, D-ribulose 5-phosphate, glyceraldehyde 3-phosphate, fructose 6-phosphate, fructose 1-phosphate, fructose 1,6-bis-phosphate and ATP. Since none of these molecules reversed the band-shift, it was impossible to identify the RbsR ligand by means of EMSA experiments.
Subsequently, an in vivo study was carried out to search for a C. glutamicum mutant strain that was unable to induce the transcription of the rbs operon in the presence of ribose. Therefore, the ribose-transporter mutant SN1 (DrbsACBD) and the ribokinase double mutant RBSK12 (DrbsK1 DrbsK2) (Brinkrolf et al., 2008) were analysed by RT-PCR. Each strain was grown on a mixture of 1 % (w/v) ribose and 1 % (w/v) glucose, since both mutants are unable to grow on ribose as sole carbon source. Subsequently, the mRNA levels of the rbsR gene were determined for each mutant and compared with those of the wild-type strain cultivated on 2 % (w/v) glucose (Fig.  4a) . The wild-type strain grown on a mixture of 1 % (w/v) ribose and 1 % (w/v) glucose or on 2 % (w/v) ribose was analysed and served as a positive control. These analyses confirmed the transcriptional induction of the rbs operon in the wild-type, even when grown on the mixed substrate. However, examination of the wild-type grown on ribose as sole carbon source showed an even higher transcript level of the rbsR gene than that of the wild-type cultivated on the mixed substrate.
In the SN1 strain grown on the ribose/glucose mixture, the rbsR transcript level was similarly increased as in the wildtype grown on the mixed substrate. This result was rather unexpected, since the transport assay of the SN1 strain suggested that there is no other transport system for ribose. Therefore, additional RT-PCR measurements of rbsR were performed, using lower amounts of ribose added to glucose-grown wild-type and SN1 cultures (Fig. 4b) . Interestingly, at low external ribose concentrations as used in the transport assays, no transcriptional induction of rbsR was detected in the SN1 strain. This induction, however, was found to be dose-dependent when increasing external amounts of ribose were applied. Maximal induction was reached at 5 mM ribose, suggesting that there is a hitherto unknown transport system that transports ribose at higher concentrations of the sugar substrate, probably as a side reaction. Since this transport does not allow the growth of the SN1 strain on ribose as sole carbon source, this alternative ribose transport seems to be rather inefficient, but is at least enough for formation of the RbsR effector.
In the RBSK12 strain, a very low rbsR transcript level was observed. This level was even lower than that of the glucose-grown wild-type, indicating a basic transcription of the rbs operon in the wild-type even in the absence of external ribose. In the ribokinase mutant RBSK12, formation of ribose 5-phosphate by phosphorylation of ribose was prohibited. Thus, it can be speculated that the ligand which impairs the binding of RbsR to its operator in the rbs promoter is either ribose 5-phosphate or a derivative thereof.
A sequence motif search identified additional putative RbsR target sequences in the C. glutamicum chromosome Further potential RbsR-binding sites within the C. glutamicum chromosome were identified by a nucleic acid pattern search with the fuzznuc software (Rice et al., 2000) , using the identified 16 bp core palindrome as input and allowing a maximum of three mismatches. Altogether, eight additional RbsR-binding sites within intergenic regions of the C. glutamicum chromosome were detected by this method (Fig. 5a) . Surprisingly, two of these sequences were located in the promoter region of the uriR-rbsK1-uriT-uriH operon (named the uriR operon) (Brinkrolf et al., 2008) and another was in the promoter region of the second ribokinase gene, rbsK2. The other five predicted motifs were located in the intergenic regions of the head-to-head-located genes glpQ1-gntP, metY-cstA and accDA-cg0952, as well as in the upstream regions of cg0625 and carR. None of the genes with a predicted RbsR-binding site showed transcriptional deregulation in the microarray analysis of the DrbsR strain. Nevertheless, since the uriR operon and the rbsK2 gene were shown to be part of the ribose stimulon of C. glutamicum, the putative RbsRbinding sites in the upstream regions of these genes were tested for their ability to bind purified RbsR protein in competitive EMSA studies (Fig. 5b) . The protein-DNA interaction was tested by incubation of the RbsR protein with a Cy3-labelled 40 bp DNA fragment (40rbsCy3) and unlabelled double-stranded oligonucleotides containing the predicted binding motifs upstream of either uriR (45uriR1, 45uriR2, 59uriR1+2) or rbsK2 (40rbsK2). The minimal amount of RbsR protein necessary to achieve a complete band-shift of 0.05 pmol of the 40rbsCy3 DNA fragment was determined to be 0.25 pmol. The band-shift was at least partially reversed by all these binding motifs and therefore confirmed binding of the tested palindromic motifs by the RbsR protein.
Transcriptional analysis of a rbsR uriR double mutant shows a cross-talk between the RbsR and UriR regulons
The apparent inconsistency between the functionality of additional RbsR-binding sites and the missing transcriptional effect on the adjacent genes in the SN2 strain was striking, especially with respect to the ribokinase genes rbsK1 and rbsK2. In fact, the predicted RbsR target sequences in the promoter region of the uriR operon and the rbsK2 gene were the same sequences that were identified for the UriR transcriptional repressor (Brinkrolf et al., 2008) , and therefore indicated an interplay between RbsR and UriR. To examine this hypothesis experimentally, a C. glutamicum deletion mutant was created which lacked both functional RbsR and functional UriR proteins, and the resulting strain was designated SN3 (DrbsR DuriR). Subsequently, the global transcription pattern of the SN3 mutant was analysed by a DNA microarray experiment, comparing the transcriptome of the SN3 mutant with that of the wild-type, both grown in MM1 medium with 2 % (w/v) glucose. An additional DNA microarray experiment was performed to compare the transcriptome of the wild-type strain grown in MM1 medium with 2 % (w/v) ribose with that of the wild-type grown on 2 % (w/v) glucose, revealing the ribose stimulon of the wild-type. Applying an m-value cut-off of ±1, altogether, 14 genes were differentially regulated in the SN3 mutant and 27 genes were differentially regulated in the ribose-grown wild-type. Both transcriptomes were similar, and a list of genes differentially regulated in both experiments is presented in Table 2 . As expected, the genes of the rbs and uriR operons showed significantly higher transcript levels in both the SN3 mutant and the ribosegrown wild-type strain. The deletion of the genes rbsR and uriR resulted in an increased mRNA level of rbsK2 in the SN3 mutant. Additionally, a gene cluster encoding an ABC transporter of unknown substrate specificity (cg1227, cg1228, cg1230) showed decreased transcript levels. However, since these genes have no apparent RbsR/UriR target sequences in their upstream regions, a direct regulatory effect is unlikely and the deregulation is probably due to a hitherto unknown secondary effect. Regarding the other genes with a predicted RbsR/UriR target sequence in their upstream regions, there was no correlation between the DNA microarray data for the SN3 strain and the predicted binding sites. Therefore, the significance of these motifs remains unknown.
The apparent co-regulation of rbsK2 by both regulators, RbsR and UriR, raised the question of whether the rbs and uriR operons also are regulated by both regulators. Therefore, a more sensitive analysis of the RbsR and UriR regulons was performed by real-time RT-PCR, analysing the transcript ratios of the genes of the rbsR and uriR operons and the rbsK2 gene in the ribose-grown wildtype, as well as in the glucose-grown mutant strains SN2 (DrbsR), KB1547 (DuriR) and SN3 (DrbsRDuriR), each in comparison with the glucose-grown wild-type strain (Fig.  6 ). The analysed genes showed very similar transcript levels in the ribose-grown wild-type and the SN3 mutant. When the transcript levels of the single-knockout mutants SN2 (DrbsR) and KB1547 (DuriR) were compared with those of the double-knockout mutant SN3 (DrbsRDuriR), a significant co-regulation was confirmed for rbsK2, showing no significant increase in transcript level until both regulators were knocked out. Interestingly, the transcript level of the rbs operon was significantly lower in the SN2 (DrbsR) mutant than in the SN3 (DrbsRDuriR) mutant or in the ribose-grown wildtype, but there was no significant deregulation of the rbs operon in the KB1547 (DuriR) mutant. On the other hand, the uriR operon revealed a significantly lower transcript level in the KB1547 mutant than in the SN3 mutant or in the ribose-grown wild-type, but no significant deregulation in the SN2 mutant.
Taken together, it was apparent that only the double mutant showed a full derepression of the rbs and uriR operons, but that RbsR and UriR had dominant roles in regulation of each of their own operons.
DISCUSSION
The rbs operon encodes the components of a ribose ABC transporter Experimental evidence for the involvement of the rbs operon in ribose uptake was gained by transport assays with [
14 C]ribose, which revealed that there is no ribose transport activity in the SN1 (DrbsACBD) mutant strain at the tested concentrations up to 0.2 mM. However, high concentrations of ribose in the growth medium (more than 0.1 mM) lead to an increased mRNA level of the rbsR gene in the SN1 strain, revealing that a small amount of ribose enters the cell in the absence of the RbsACBD ribose transport system, most probably as a side reaction of another sugar transporter. This transport is not efficient enough to enable the SN1 mutant to grow on ribose as sole carbon source. The LacI-type transcriptional repressor RbsR controls the transcription of the rbs operon by binding to a cre-like sequence motif A whole-genome transcription analysis of the SN2 mutant strain (DrbsR) using microarray hybridization revealed a significant increase in transcript abundance of the rbsRACBD genes and therefore characterized the RbsR gene as a negative transcriptional regulator of the rbs operon. A palindromic sequence of the upstream region of the rbs operon, which is similar to the catabolite-responsive element (cre), was shown to bind the purified RbsR protein *The fluorescence of the spots on the microarray was in saturation and therefore a ratio was not determined (ND). DHybridizing region deleted from the chromosome. As demonstrated by EMSA analysis, RbsR binds to its DNA targets without an effector. Although in this in vitro system neither ribose nor ribose 5-phosphate was able to release binding, there was evidence for ribose 5-phosphate or a derivative thereof being an in vivo effector of RbsR. First, when increased levels of ribose were added to a glucosegrown culture, there was a dose-dependent transcriptional induction of the rbs operon, even in the absence of the rbsACBD genes. Second, this effect was missing in a ribokinase mutant, even in the presence of a large amount of ribose in a ribose transport-competent strain.
Therefore, the RbsR protein of C. glutamicum differs from its homologue in E. coli, for which ribose is the effector . In B. subtilis, the specific effector metabolite has hitherto been unknown (Rodionov et al., 2001) , but an interaction of the RbsR protein with Hpr-Ser46-P has been demonstrated in vitro (Müller et al., 2006) . A similar interaction in C. glutamicum is highly unlikely, since C. glutamicum exhibits no HPr-kinase/ phosphatase activity (Parche et al., 2001 ).
The paralogous regulators RbsR and UriR control their target genes in an overlapping fashion
The transcriptional analysis of the SN2 mutant (DrbsR) initially suggested that RbsR controls specifically the transcription of the rbs operon, since the genes rbsR, rbsA, rbsB, rbsC and rbsD were the only deregulated genes in the SN2 mutant. However, the observed inconsistency between the existence of RbsR-binding sites in the upstream regions of the ribokinase genes and the missing effect on the transcription of these genes in the SN2 mutant (DrbsR) suggested the involvement of a second transcriptional regulator. A candidate protein was the recently characterized transcriptional repressor UriR (Brinkrolf et al., 2008) , which shows 45 % similarity at the amino acid level to the RbsR protein. Indeed, the double knockout of both regulatory genes, rbsR and uriR, led to an increased transcript level of rbsK2 in the SN3 mutant (DrbsR DuriR), demonstrating the transcriptional co-control of this gene by both regulators, RbsR and UriR. Furthermore, a comparative RT-PCR analysis of the rbs and uriR operon genes of the glucose-grown mutants SN2 (DrbsR), KB1547 (DuriR) and SN3 (DrbsR DuriR), as well as of the ribosegrown wild-type, revealed that a transcription pattern similar to that of the ribose-grown wild-type was not achieved until both regulators, RbsR and UriR, were absent. This observation suggested that the rbs and uriR operons are targets of an overlapping transcriptional control by both regulators, RbsR and UriR, at least in the way that the regulators partly replace each other in the absence of either RbsR or UriR.
Taken together, the regulatory network of RbsR and UriR (Fig. 7 ) seems to be characterized by different affinities of RbsR and UriR to the cre-like sequences. RbsR primarily binds to the perfect palindrome in the rbs operator, while UriR prefers binding to the two adjacent palindromic motifs in the uriR operator region. The cre-like motif in the rbsK2 operator is different from these motifs, and therefore RbsR and UriR target it with comparable affinities. Accordingly, the results of EMSA binding studies with the RbsR protein revealed only a partial reversion of the band-shift when using the cre-like motifs of the uriR operator region or of the rbsK2 operator region as competitors with the rbsR operator region.
The demonstrated interplay of RbsR and UriR in the transcriptional control of their common target genes is Fig. 7 . Model of the RbsR and UriR regulon of C. glutamicum (genes are not drawn to scale). If no ribose is present in the external milieu, the transcriptional repressors RbsR and UriR bind to the cre-like motifs in the promoter regions of the rbs and uriR operons, as well as the rbsK2 gene. Due to different affinities of the regulators to the cre-like motifs in the promoters of the rbs and uriR operons, RbsR primarily controls the transcription of the rbs operon and UriR primarily controls the transcription of the uriR operon, while both repressors have similar affinities for the cre-like motif in the rbsK2 promoter, resulting in a transcriptional co-control of rbsK2 (solid lines). Although RbsR and UriR prefer binding to the respective cre-like motifs in the promoters of their own operons, a minor co-control of the rbs and uriR operons by both regulators (dotted lines) occurs.
rather unusual. However, a similar phenomenon has been described recently for the transcriptional regulators of gluconate catabolism and glucose uptake, GntR1 and GntR2 (Frunzke et al., 2008) . Furthermore, the cross-talk of the RbsR and UriR regulons immediately imposes questions about the biological meaning or the selective advantage of the simultaneous transcriptional induction of the genes of a ribose transporter (rbs operon) and of a uridine transport and degradation system (uriR operon) in the presence of ribose. In the soil environment of C. glutamicum, ribose as well as nucleosides such as uridine are products of the degradation of organic materials such as DNA, RNA and ATP. Furthermore, the activity of nucleotide-hydrolysing enzymes, such as the nucleotidase UshA of C. glutamicum (Rittmann et al., 2005) , releases extracellular nucleosides in order to access the phosphorus compounds of nucleotides. Since C. glutamicum is able to use ribose as well as uridine (Brinkrolf et al., 2008) as carbon and energy sources, the simultaneous expression of the gene products of the rbs and uriR operons allows C. glutamicum to access both substrates simultaneously. A possible differential control of both operons might be achieved by the individual effectors. Although not proven, in vivo analyses of mutants make ribose 5-phosphate or a derivative thereof the most likely effector for RbsR, and ribose the most likely effector of UriR (Brinkrolf et al., 2008) . It is also conceivable that this allows integration of other factors in cellular metabolism, e.g. the fluxes from ribose to ribose 5-phosphate and further into the different catabolic and anabolic processes of the cell.
